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ABSTRACT Metallothioneins are proteins that are involved in intracellular zinc stor-
age and transport. Their expression levels have been reported to be elevated in sev-
eral settings of skeletal muscle atrophy. We therefore investigated the effect of me-
tallothionein blockade on skeletal muscle anabolism in vitro and in vivo. We found
that concomitant abrogation of metallothioneins 1 and 2 results in activation of the
Akt pathway and increases in myotube size, in type llb fiber hypertrophy, and ulti-
mately in muscle strength. Importantly, the beneficial effects of metallothionein
blockade on muscle mass and function was also observed in the setting of glucocor-
ticoid addition, which is a strong atrophy-inducing stimulus. Given the blockade of
atrophy and the preservation of strength in atrophy-inducing settings, these results
suggest that blockade of metallothioneins 1 and 2 constitutes a promising approach
for the treatment of conditions which result in muscle atrophy.

KEYWORDS muscle metabolism

keletal muscle hypertrophy is characterized in the adult mammal by an increase in

the size of preexisting myofibers. The induction of hypertrophy involves an activa-
tion of the pathways that increase protein synthesis and inhibition of cellular signaling,
which induces protein degradation. Hypertrophy can be induced by the activation of
Akt, through multiple potential inputs (1). Akt induces hypertrophy in part by activating
the mTOR/70S6 kinase pathway. In addition, Akt inhibits protein degradation, by
phosphorylating and therefore blocking Foxo1 and Foxo3—transcription factors which
are required for the upregulation of the E3 ubiquitin ligases MuRF1 and MAFbx, which
help mediate protein turnover during muscle atrophy (2-4). Therefore, activation of Akt
constitutes a critical signaling node to increase muscle hypertrophy and block muscle
atrophy (1).

Mammalian metallothioneins (MTs) belong to a family of cysteine-rich, metal-
binding proteins. In rodents, four MT isoforms have been identified: the two major
isoforms, MT-1 and MT-2, are ubiquitously expressed, while MT-3 and MT-4 show tissue
specific expression in the central nervous system and squamous epithelia, respectively.
In humans, multiple isoforms have been reported for MT-1 (MT-1A, MT-1B, MT-1E,
MT-1F, MT-1G, MT-1H, MT-1M, and MT-1X), while no splice variants are documented for
MT-2, MT-3, or MT-4 (5; for a review, see reference 6).

MTs play a role in cellular zinc homeostasis, mitochondrial function (7), defense
against oxidative stress (8), and defense against inflammation (5). Moreover, several
reports and a recent review highlight a role of metallothioneins in cancer (9), aging (10),
and the onset of particular central nervous system diseases (11).

March 2017 Volume 37 Issue 5 e00305-16 Molecular and Cellular Biology

RESEARCH ARTICLE

L)

Check for
updates

Received 27 May 2016 Returned for
modification 23 June 2016 Accepted 2

December 2016

Accepted manuscript posted online 12

December 2016

Citation Summermatter S, Bouzan A, Pierrel E,
Melly S, Stauffer D, Gutzwiller S, Nolin E,
Dornelas C, Fryer C, Leighton-Davies J, Glass DJ,
Fournier B. 2017. Blockade of metallothioneins
1 and 2 increases skeletal muscle mass and
strength. Mol Cell Biol 37:€00305-16. https://

doi.org/10.1128/MCB.00305-16.

Copyright © 2017 American Society for

Microbiology. All Rights Reserved.

Address correspondence to Brigitte Fournier,

brigitte. fournier@novartis.com.

mcb.asm.org 1


https://doi.org/10.1128/MCB.00305-16
https://doi.org/10.1128/MCB.00305-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:brigitte.fournier@novartis.com
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00305-16&domain=pdf&date_stamp=2016-12-12
http://mcb.asm.org

Summermatter et al.

Interestingly, increased levels of metallothioneins in models of rodent and human
skeletal muscle atrophy have been reported (12-14). This increase of metallothionein
was originally interpreted as a response to oxidative stress. Silencing of metallothionein
in muscle myotubes in vitro was, however, not associated with changes in oxidative
activity (15). A separate in vivo study examined the effect of metallothionein deficiency
after acute spinal cord injury and concluded that the absence of metallothionein
neither exacerbates an oxidative stress response nor impacts muscle atrophy (16).
These findings suggest that modulation of metallothionein in atrophy models does not
play a major role in the oxidative status of the muscle, or in the mechanism inducing
the atrophic process.

Another important function of metallothioneins is to act as a zinc buffering protein.
Depending on the redox state of their environment, MTs form either the oxidized
protein thionin or the apoprotein thionein. Formation of thionin results from oxidation
of zinc-bound metallothionein, linking the redox state of the cells to zinc homeostasis
(17). Metallothioneins act in concert with zinc transporters from the SLC39 family (ZIP)
involved in zinc uptake and from the SLC30 (ZnT) family responsible for zinc transport
into organelles or out of cells (6, 18). Free zinc ions are thought to serve as signaling
ions (19); several studies indicate that free zinc activates different pathways and can
modulate the insulin and mTOR pathways (20, 21). Changes in free zinc also impact
enzymatic activities as shown, for example, for protein tyrosine phosphatase (22).
Moreover, changes in subcellular distribution of zinc and generation of free zinc in cells
play a role in development of diseases such as type Il diabetes (23), cancer (24), and
immune diseases (25). Previous studies demonstrated the lack of impact of MT silencing
on oxidative state of skeletal muscle cells both in vitro and in vivo (15, 16). We therefore
asked whether MTs could have a role in skeletal muscle metabolism related to its ability
to modify intracellular zinc level. In this study, we examined the role of metallothio-
neins in skeletal muscle cells in vitro and in vivo to better understand the function of
MT-1 and -2 under both normal and atrophic conditions.

RESULTS

Metallothioneins 1 and 2 are upregulated in rodent sarcopenia. We first mon-
itored the gene expression profile of MTs during rodent sarcopenia (the loss of muscle
mass and function associated with advanced age [26]). MT-1 and MT-2 mRNA levels in
skeletal muscle increased with age (Fig. 1A). As MTs play a role in zinc metabolism, we
asked whether zinc levels in muscle were altered in aged animals. Interestingly, we
found that total zinc was significantly increased in the gastrocnemius from sarcopenic
animals, in comparison to younger controls (Fig. 1B). Interestingly, as shown in Fig. 1C,
zinc is capable of regulating MT expression. Therefore, the increase in metallothionein
mRNA levels in sarcopenic muscle could be a consequence of the increased total zinc
levels. Previously, zinc concentration has been reported to increase in skeletal muscle
of tumor-bearing mice, and zinc chelation attenuated muscle wasting (27). Taken
together, these data and our observation suggested that zinc concentration in skeletal
muscle may play a role in regulating muscle atrophy.

Silencing of metallothioneins 1 and 2 activates the Akt/mTOR pathway and
increases myotube size in human skeletal myotubes in vitro. Since metallothioneins
are important zinc buffering proteins in cells (28), we speculated that silencing of MT-1
and -2 in human myotubes could free intracellular zinc. Free zinc has been reported to
activate distinct signaling pathways, including the IGF1 and mTOR pathways (21). We
thus assessed Akt, glycogen synthase kinase 33 (GSK3B), and S6RP phosphorylation in
myotubes exposed to zinc pyrithione. As shown in Fig. 2A, Akt phosphorylation was
strongly induced, with a maximal effect after 2 h, while GSK38 phosphorylation peaked
after 2 h and declined thereafter. S6 ribosomal pathway phosphorylation, which is
downstream of mTOR/p70SéK signaling, peaked after 6 h (Fig. 2A).

We then asked if changes in MT silencing could induce Akt/mTOR pathway activa-
tion, as seen after treatment with zinc pyrithione. As shown in Fig. 2B, when both MT-1
and MT-2 are silenced, MT-TmRNA is decreased by 84% and MT-2 mRNA by 91%.
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FIG 1 Metallothionein-1 and -2 expression and total zinc are increased in sarcopenic muscle. (A) Increase
expression of MT-1 and -2 in sarcopenia. Relative mRNA levels of MT-1 and MT-2 in gastrocnemius of rats
aged from 6 to 27 months were assessed by RT-PCR. Values are expressed as means = SEMs for 8 to 10
mice. Statistical analysis was performed using ANOVA plus the Bonferroni test. *, P < 0.05; **, P < 0.01;
*** P < 0.001 versus 6 months for 24 months and 27 months. (B) Increase in total zinc level in
gastrocnemius muscle of rats with sarcopenia. Total zinc was measured in gastrocnemius of rats aged 6
to 27 months as indicated in Materials and Methods. All values are expressed as means = SEMs for 10
to 12 mice. Statistical analysis was performed by unpaired t test. ****, P < 0.0001. ns, not significant. (C)
Zinc modulates MT-1 and -2 mRNA expression in human myotubes. Human myotubes were treated with
increasing doses of zinc sulfate (ZnSO,), as indicated, for 24 h. MT-1 and MT-2 mRNA expression levels
were monitored using real-time PCR as indicated in Materials and Methods. Data are expressed as relative

mRNA expression (n = 2). Statistical analysis was performed using two-way ANOVA. ***, P < 0.001; ****,
P < 0.0001.

Silencing of MT-1 and -2, as shown in Fig. 2B, resulted in activation of the Akt/mTOR
pathway as demonstrated by an increase in Akt, GSK3 3, and S6RP phosphorylation (Fig.
20). It is noteworthy that silencing of MT-1 or MT-2 alone was found to be sufficient to
increase Akt, GSK3B, and S6RP phosphorylation, although to a smaller extent than
concomitant inhibition of the two MTs (data not shown). Consequently, inhibition of
both MT-1 and -2 was used for all subsequent experiments.

Activation of the Akt pathway is well documented as being sufficient to trigger
myotube and skeletal hypertrophy (4, 29). We therefore silenced MT-1 and -2 using
small interfering RNA (siRNA) and found that the absence of metallothionein induced
a significant increase in myotube size in naive cells (Fig. 2D). Furthermore, myotubes
treated with the atrophy-inducing agent dexamethasone (DEX) were relatively pro-
tected from atrophy (Fig. 2D) upon MT blockade. To demonstrate that this increase in
myotube size resulted from the activation of the Akt pathway, cells were treated with
a specific Akt inhibitor, API-2. We show that inhibition of the Akt pathway abrogates the
increase in myotube size observed after silencing of MT-1 and MT-2 (Fig. 2E).

Taken together, these findings provide evidence that MT downregulation has a
positive effect on muscle cell anabolism and suggest that the atrophy-induced increase
in MT expression contributes to the atrophic phenotype.

Loss of metallothioneins 1 and 2 promotes muscle hypertrophy in vivo. We next
evaluated the effect of genetic deletion of both metallothioneins 1 and 2 on skeletal
muscle in vivo. MT-1 and MT-2 knockouts (KOs) were previously generated (30). These
mice are deficient for both metallothioneins 1 and 2 proteins and therefore referred to
as MT-null mice. MT-null mice demonstrated elevated body weight and a lean body
mass (Fig. 3) consistent with published data from another MT-1/MT-2 KO mouse model
(31, 32). In addition, we monitored relative increases in the weights of plantaris muscle
(+14%; P < 0.05), extensor digitorum longus (+30%; P < 0.05), tibialis (+20%; P <
0.001), and quadriceps (+17%; P < 0.001) compared to those in wild-type controls
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FIG 2 MT-1 and MT-2 silencing increases the Akt pathway activity and myotube diameter in human skeletal muscle cells. (A) Zinc pyrithione triggers the Akt/TOR
pathway in human skeletal myotubes. The kinetics of phosphorylation for Akt, GSK33, and S6RP after treatment of myotubes with 0.5 uM zinc pyrithione was
monitored using MSD technology as described in Materials and Methods. Values are expressed as means * SEMs (n = 2) of the phosphorylation signal;
statistical analysis was performed using one-way ANOVA. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (B) Silencing of MT-1 and MT-2 in human skeletal muscle
myotubes. Human skeletal cells were transfected with control siNT (nontarget), with siMT-1 or siMT-2 alone, or with both siMT-1 and MT-2 for 24 h. Values are
expressed as relative mRNA expression. Relative levels were calculated by giving an arbitrary value of 100% to the nontarget control. (C) MT-1 and -2 silencing
triggers the Akt/TOR pathway in human skeletal myotubes. Myotubes were subjected to a control siRNA or siRNA to MT-1 and MT-2 and treated with a vehicle
or 10 uM dexamethasone for 24 h. Phosphorylation of Akt, GSK38, and S6RP was monitored as indicated using MSD technology as described in Materials and
Methods. Values are expressed as mean percentage of phosphorylation signal over expression of total Akt and GSK3, except for S6RP values, expressed as
means * SEMs (n = 3) of the phosphorylation signal. Statistical analysis was performed using two-way ANOVA with post hoc Dunnett test. *, P < 0.05; **, P
< 0.01. (D) In vitro MT-1 and MT-2 silencing increases the Akt pathway leading to increased myotube size. Myotubes were subjected to a control siRNA or siRNA
to MT-1 and MT-2 and treated with a vehicle or 10 uM dexamethasone for 24 h. Values are expressed as means * SEMs of thick-myotube percentage (n =
2). Statistical analysis was performed using two-way ANOVA with post hoc Dunnett test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) Increase in myotube size
after MT-1 and MT-2 silencing is Akt dependent. Myotubes were transfected with a control siRNA (siRNA NT) or siRNA to MT-1 and MT-2 for 24 h and treated
with a vehicle or 25 uM API-2 (Akt inhibitor) for another 24 h. Values are expressed as means = SEMs of thick-myotube percentage (n = 2). Statistical analysis
was performed using two-way ANOVA with post hoc Dunnett test. *, P < 0.05; **, P < 0.01.

(Fig. 4A). In contrast, the weight of soleus and gastrocnemius did not reach statistical
significance, though there is a clear trend toward hypertrophy (Fig. 4A). Thus, muscles
with higher proportions in fast-twitch fibers seemingly exhibited a more pronounced
muscle hypertrophy, suggesting that loss of metallothioneins might have a relative
greater effect on fast twitch fibers. Indeed, fast-twitch llb fibers of tibialis anterior
showed marked hypertrophy in MT-null animals (Fig. 4B), whereas no changes in
diameter of lla or I/lIx fibers were observed (data not shown). To assess the functional
consequences of this type llb fiber hypertrophy, force-frequency relationships were
established in vivo. MT-null mice generated significantly higher force at high-frequency
stimulation than control animals (Fig. 4C). These data demonstrate that loss of metal-
lothioneins increases muscle mass by preferentially causing hypertrophy of type Ilb
fibers and that such hypertrophy results in increased muscle strength.
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FIG 3 Body weight (A), lean mass (B), and fat mass (C) in control and MT-null mice. All values are
expressed as means * SEs for 13 mice. Statistical analyses were performed by unpaired t test. ***, P <
0.001.

Expression analyses reveal markers of enhanced muscle growth in MT-null
mice. To gain further insights into the molecular mechanisms that drive muscle
hypertrophy in MT-null mice, microarray analyses were performed and the results
validated by real-time PCR (RT-PCR) (Fig. 5A). Intriguingly, relative mRNA levels of
several factors associated with muscle anabolism, notably IGF1 and androgen receptor
(AR) (33, 34), were increased in MT-null mice. In addition, the mRNA levels of myogenin
and ornithine decarboxylase (Odc1), which has previously been shown to regulate
myoblast proliferation (35), were significantly elevated in the absence of metallothio-
neins. We also found that ablation of metallothioneins increased the mRNA levels of
spermine oxidase (Smox). A role for Smox in maintaining basal skeletal muscle gene
expression and fiber size has recently been described, and Smox is strongly repressed
under muscle catabolic conditions such as fasting, immobilization, and denervation
(36). In contrast, forced overexpression of Smox partially prevented muscle fiber
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FIG 4 Blockade of MT-1 and -2 increases muscle mass and function. (A) Increased muscle weight in
various muscles of MT-null mice. (B) Fiber size distribution showing hypertrophy of type Ilb fibers in
anterior tibialis. (C) Force-frequency relationship in control and MT-null mice upon evoked hind limb
stimulation. All values are expressed as means = SEs for 8 to 13 mice. Statistical analyses were performed
by unpaired t test. *, P < 0.05; ***, P < 0.001.
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regulated in MT-deficient mice as assessed by RT-PCR. (B) Total and phosphorylated protein expression as
well as ratios of Akt, GSK3B, p70S6K, and S6RP in control and MT-null mice. All values are expressed as
means *+ SEs for 13 mice. Statistical analyses were performed by unpaired t test. *, P < 0.05; **, P < 0.07;

¥ P < 0.001.

atrophy under these conditions (36). Finally, reduced mRNA levels of calsequestrin 2
(Casg2), a marker of slow-twitch muscles, were found in the absence of metallothio-
neins 1 and 2 (Fig. 5A). Relative mRNA levels of genes involved in protein degradation
or growth inhibition, such as the genes for Murf, Mafbx, and myostatin, were, however,
not altered in these animals (Fig. 5A). Hence, the transcriptional profiling of skeletal
muscle of MT-null mice further corroborates a role for metallothioneins in regulating

skeletal muscle mass.

Loss of metallothioneins 1 and 2 increases the activity of anabolic pathways in
skeletal muscle. Since we have found that MT silencing resulted in activation of the
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FIG 6 Metallothioneins blockade counters glucocorticoid-induced atrophy and loss of muscle strength.
(A) Relative mRNA levels of metallothioneins 1 and 2 in skeletal muscle upon chronic dexamethasone
(Dex) administration. (B) Spared muscle weight loss of tibialis and quadriceps in MT-null mice after 14
days of dexamethasone administration. (C) Force-frequency relationship in control and MT-null mice
receiving a vehicle or dexamethasone in their drinking water. Values are expressed as means = SEs for
9 mice. Statistical analyses were performed by ANOVA and Holm-Sidak’s post hoc test. *, P < 0.05; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001 (versus control [Ctrl] vehicle). #, P < 0.05; ##, P < 0.01; ###, P < 0.001;
####, P < 0.0001 (versus MT-null vehicle). @, P < 0.05 (MT-null Dex versus Ctrl Dex). §, P < 0.05; §§, P <
0.01 (by unpaired t test) (Ctrl versus DEX). For the force-frequency curves, only Ctrl versus KO mice were
statistically analyzed by unpaired t test. *, P < 0.05 (Ctrl vehicle versus MT-null vehicle) #, P < 0.05; ##,
P < 0.01 (Ctrl Dex versus MT-null Dex).

Akt pathway in vitro (Fig. 1), we wanted to determine whether MT blockade similarly
affects Akt pathway activation in vivo. In line with our in vitro findings, Akt, GSK3p,
p70S6K, and S6RP phosphorylation, reflecting enzymatically active proteins, was ele-
vated in MT-null mice, indicating that metallothionein ablation results in activation of
the Akt signaling pathway (Fig. 5B). Our results thus provide a novel link between
metallothioneins and Akt pathway activation in skeletal muscle. The finding of Akt
activation upon deletion of the MTs is sufficient to explain the hypertrophy and the
block of atrophy; the microarray finding that deletion increases IGF1 and AR provides
mechanisms for that activation, since both of them increase Akt (1).

Metallothionein deficiency protects from glucocorticoid-induced atrophy. Glu-
cocorticoids are known to provoke marked muscle atrophy in fast-twitch muscles (37).
We next assessed whether DEX increases metallothionein mRNA expression in skeletal
muscle and indeed found strong upregulation of metallothioneins 1 and 2 (Fig. 6A). We
therefore asked whether ablation of metallothionein might in return protect from
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muscle atrophy. Moreover, we wanted to determine whether the anabolic effect
observed upon metallothionein blockade is preserved upon DEX-induced muscle
atrophy.

In tibialis anterior and quadriceps, DEX caused muscle weight losses of 18% and
11%, respectively (Fig. 6B). Intriguingly, MT-null mice maintained higher muscle mass
than control animals upon DEX administration, indicating that the muscle-anabolic
effect driven by metallothionein deficiency is preserved in the presence of dexameth-
asone. Consistently, blockade of metallothionein increased muscle strength in spite of
the presence of the catabolic stimulus (Fig. 6C). Collectively, our results thus suggest
that metallothioneins constitute an attractive target to treat muscle atrophy and
counter the loss of muscle strength even in skeletal muscle undergoing protein
catabolism.

DISCUSSION

Skeletal muscle atrophy and the resultant weakness it causes are important clinical
consequences of cachexia, seen in settings of cancer, renal disease, congestive heart
disease, and liver failure (1). It was noted some time ago that metallothioneins 1 and
2 were upregulated dramatically in settings of muscle atrophy, but it was not clear if
this was cause or effect—or whether counterregulating this perturbation would be
beneficial (12).

Interestingly, increased expression of metallothioneins has been found in several
distinct models of rodent and human muscle atrophy (12-14).

In the present study, we have investigated the role of metallothionein in vitro in
human skeletal muscle cells and in vivo in MT-null (metallothionein 1 and 2 loss-of-
function) mice in healthy and diseased conditions.

To investigate the mechanism of action of metallothioneins in muscle cells, we used
human skeletal muscle cells, which were then differentiated into myotubes. MT-1 and
-2 were downregulated using siRNA, resulting in an increase in Akt/mTOR pathway
activity. Moreover, we could recapitulate the increase in the Akt/mTOR pathway by
transiently increasing free zinc using zinc pyrithione, as reported earlier for nonmuscle
cells (21). As reviewed in reference 1, the Akt pathway is responsible for muscle
hypertrophy and a blockade of muscle atrophy; consistent with that, we showed that
blockade of MT-1 and -2 was associated with Akt pathway activation and an increase
in myotube fiber size, both in vitro and in vivo (Fig. 2E and 4B). The silencing of
metallothioneins 1 and 2, potentially by modifying the zinc subcellular distribution, was
sufficient to counteract dexamethasone-induced atrophy, consistent with Akt's ability
to block the E3 ligases which are upregulated by glucocorticoids (12, 38).

An in vivo analysis demonstrated that metallothionein expression and total zinc
levels are increased coincident with age-related skeletal muscle loss, also known as
sarcopenia (26), suggesting that metallothionein expression, zinc levels, and the muscle
loss which is observed as a consequence of old age may be causally related. Questions
that remain to be answered in future studies include the determination of the mech-
anism underlying the increase in total zinc found in sarcopenia and the determination
of the concentration of freely available zinc; in this study, we have shown that the
increase in total zinc is not due to MTs, since total zinc levels were unchanged in the
MT null animals (Fig. 7).

In line with our in vitro data, we also found that blockade of metallothioneins 1 and
2 is sufficient to promote muscle hypertrophy in vivo. There was a preferential increase
in type llb fibers. This particular finding is clinically relevant, since type Ilb fibers are
predominant in muscles that are required for strength. Intriguingly, llb fibers are more
prone to atrophy than type lla or type | fibers (39). Interventions aimed at specifically
pomoting maintenance of type llb fibers would consequently be beneficial in any
setting of muscle wasting. Importantly, we now provide strong evidence that muscle
hypertrophy upon metallothionein ablation is accompanied by increased muscle
strength, and that interventions targeting metallothioneins hence concomitantly in-
crease muscle mass and improve muscle function.
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FIG 7 Total zinc levels in gastrocnemius from MT-null mice are unchanged. Total zinc was measured in
gastrocnemius of control and MT-null mice as indicated in Materials and Methods. Data are expressed as
milligrams of total zinc per kilogram of tissue for 13 mice. Statistical analysis was performed using
unpaired t test. No difference was detected.

Taken together, our results demonstrate a previously undiscovered role of metal-
lothioneins in the regulation of skeletal muscle mass and function and provide insights
into the mechanisms by which metallothioneins increase muscle mass and function in
health and disease.

MATERIALS AND METHODS

Cell lines and siRNA-mediated gene silencing. Human skeletal muscle cells were obtained from
Cook Myosite (PA). Briefly, the cells were maintained in MyoTonic basal medium (Cook Myosite)
supplemented with MyoTonic growth supplement (Cook Myosite), 20% fetal bovine serum (FBS; Gibco),
and 0.1% gentamicin (Gibco). Myoblasts were differentiated 24 h after seeding (on collagen-coated
plates) by changing to MyoTonic differentiation medium (Cook Myosite) supplemented with 1% FBS, 2%
horse serum (Gibco), and 0.1% gentamcin. The cells were differentiated for 5 days. Differentiated
myotubes were transfected with 20 nM siRNA (control nontarget, negative AllStars; Hs_MT1a and
HS_MT2a; Qiagen) using Dharmafect (ThermoScientific) and subsequently treated with compounds as
described in the figure legends.

For gene expression analysis, cells were collected 48 h posttransfection. Cells were collected in 350
wl of RLT lysis buffer from an RNeasy minikit (Qiagen; catalog no. 74106). After siRNA transfection for 24
h, medium was change to starvation medium, 0.02% bovine serum albumin (BSA), for 4 h, and treatment
was added for 24 h (RNA; MSD) or 48 h (myotube size; Western blot).

Akt/mTOR pathway analysis in human skeletal muscle myotubes and in muscle. For study of the
Akt/mTOR pathway in human skeletal myotubes, cells were plated onto six-well plates at a density of
4.5 X 10° and cultured. Cells were washed in phosphate-buffered saline (PBS), and whole-cell lysate was
prepared by following the kit procedure (MSD; K15177D-1). Quantitative determination of total and
phosphorylated Akt, GSK3B, p70S6K, and S6RP was performed according to the manufacturer’s instruc-
tions using an assay kit from MesoScale Discovery using a MesoScale Discovery reader. We used the Akt
signaling panel Il (phosphoprotein) whole-cell lysate kit (MSD; K15177D-1) and the phospho-S6RP
(Ser240/244) assay (MSD; K15139D-1). For muscle, lysis buffer consisting of extraction reagent (Phos-
phosafe; Novagen Inc., Madison, WI) supplemented with 1% protease inhibitor cocktail (Roche) was
added to frozen muscles and muscles were homogenized using a Precellys FastPrep-Machine FP20.
Homogenates were centrifuged for 20 min at 4°C (14,000 rpm), and supernatants were collected. For
both cell and muscle extract, protein contents were measured with a commercial kit (bicinchoninic acid
[BCA] kit; Thermo Scientific). Data are expressed as indicated in the legends for Fig. 2C and 5B.

Myotube size determination. To assess the size of mature human skeletal muscle cell myotubes,
cells were fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then
permeabilized with 0.5% Triton and blocked with 10% goat serum (16210; Gibco). Immunostaining was
performed with anti-myosin heavy chain (anti-MyHC) antibody (Millipore; 05-716) diluted in 1.5% goat
serum-PBS and subsequently with Alexa Fluor 488 (Invitrogen; A11017) and diaminopimelic acid (DAPI)
diluted in 1.5% goat serum-PBS. Myotube size was determined using a Cell Insight HCS reader (Thermo
Fisher Scientific) and the Morphology protocol from the Cellomics software.

Gene expression profiling. Total RNA was extracted from skeletal muscle using TRIzol reagent
(Invitrogen). Reverse transcription was performed with random hexamers on 1 g of total RNA using a
high-capacity reverse transcription kit (Applied Biosystems), and the reaction mixture was diluted 100
times. RT-PCRs were performed in duplicates in 384-well plates on an AB7900HT cycler (Applied
Biosystems) using specific TagMan probes (Applied Biosystems). Data were normalized to two house-
keeping genes using the AAC; threshold cycle (C;) method. All results are expressed as fold changes over
controls. Fluorescence was measured at the end of each cycle, and after 40 reaction cycles, a profile of
fluorescence versus cycle number was obtained. Automatic settings were used in most cases to
determine the C;. The comparative method using 2-24¢7 was used to determine the relative expression;
two housekeeping genes were used for normalization (40). All results are expressed as fold changes over
controls.

Animals. MT-null mice (12957/SvEvBrd-Mt1tm1Bri Mt2tm18riZ) and control animals were obtained from
Jackson laboratory. MT-null mice were originally generated in the laboratories of Richard Palmiter at the
University of Washington and Ralph Brinster at the University of Pennsylvania by inserting translation
stop codons into the metallothionein 1 and 2 genes (30). As a consequence, the two target genes can
be transcribed, but will not be translated, resulting in metallothionein 1 and 2 protein deficiency (30).
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Mice were maintained in a conventional facility with a fixed 12-h light/dark cycle on a commercial
pelleted chow diet containing 18.2% protein and 3.0% fat with an energy content of 15.8 MJ/kg (NAFAG
3890; Kliba, Basel, Switzerland). Food and water were provided ad libitum. Adult male MT-null mice and
control animals at 17 weeks of age were used for experiments. All studies described in this article were
performed according to criteria outlined for the care and use of laboratory animals and with approval of
the veterinary office of the canton Basel, Switzerland.

Dexamethasone-induced atrophy model. To induce muscle atrophy, dexamethasone (Sigma) was
administered in the drinking water at a dose of 1.25 mg/kg/day for 14 days. Since administration of
dexamethasone causes an increase in water consumption, the concentration of dexamethasone was
adjusted periodically in order to maintain the dose at 1.25 mg/kg/day. Force-frequency was measured
after 14 days, and animals were then euthanized to assess the degree of muscle atrophy.

Determination of total zinc in muscle. Determination of total zinc was performed using inductively
coupled plasma optical emission spectrometry (ICP-OES) (41). Data are expressed as micrograms of total
zinc per milligram of muscle tissue.

Fiber diameter analysis. Ten-micrometer-thick serial sections of frozen tibialis anterior were cut in
a cryostat. For immunohistochemical detection of laminin to outline the sarcolemma, cryosections were
permeabilized with 0.5% Triton X-100 and blocked in 2% goat serum. Sections were incubated for 5 min
in 5% H,0, and then with a rabbit polyclonal antibody against laminin and monoclonal antibodies
against type lla (1:200) or type Ilb (1:100) fibers overnight at 4°C. After being washed in PBS three times
for 10 min each time, sections were incubated with Alexa Fluor 488-anti-rabbit secondary antibody
(1:100; Invitrogen) for 1 h at 25°C, followed by three washes in PBS to detect laminin. Sections were then
incubated with secondary antibody with Alexa Fluor 350 or Alexa Fluor 555 (both at 1:200 for 1 h at 25°C)
to reveal type lla and llb fibers, respectively, followed by three washes in PBS. Unstained fibers were
classified as type I/IIx. Slides were mounted with ProLong Gold antifade reagent (Invitrogen). Images of
the entire tissue section were acquired using an Olympus scan VS120 microscope (Olympus Corporation),
and the cross-sectional area of the individual fibers in the section was measured automatically using
Robias Astoria (v.4.1) software. The means of the fiber cross-sectional areas in each muscle section were
determined, and the frequency distributions of the fiber cross-sectional area were plotted.

Force-frequency relationship. Evoked force was measured noninvasively via electrical stimulation
of the hind leg through transcutaneous electrodes. After the animals were anesthetized, the evoked
muscle contraction was recorded on a homemade pedal (force transducer) connected to the foot of the
animal and allowing recording the pressure of the foot upon stimulation. Various frequencies ranging
from 10 to 160 Hz were sequentially applied and tetanic forces recorded at each frequency.

Statistical analysis. Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., La
Jolla, CA) or SPSS (IBM, Armonk, NY). Tests used for the experiments were the t test and one- or two-way
analysis of variance (ANOVA), with post hoc tests as indicated. Values are expressed as means = standard
errors of the means (SEMs). Differences were considered to be significant when the probability value was
<0.05.
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